The cross sections for photoionization from the 2 1 S, 2 3 S, 21P and 2 3 P excited states of helum are calculated for photoelectron energies below the n = 2 threshold of te + using Kylleraas bound state wave func- 
I. Introduction
Photoionization from excited states of helium plays an important role in the transfer of radiation through laboratory plasmas I and hot stellar atmospheres 2 . In addition, accurate cross sections for singleand multi-photon ionization from excited states of helium may be required for a quantitative understanding of the interaction of laser radiation with a helium discharge. 3 Percent advances in atomic beam methods and in frequency-tunable laser techniques have led to an accurate experimental determination of the photoionization cross sections for the 2 1 S and 2 3 S metastable states of helium in the near-threshold region. 4 Accordingly, the theoretical investigation of photoionization processes from excited states of helium is worthwhile.
In this paper, the cross sections for single-photon ionization from the 2 1 S, 2 3 S, 2 1 P, and 2 3 P states of helium are evaluated for photoelectron energies below the n = 2 threshold of the residual He+ ion, using ls-2s-2p close coupling final state continuum wave functions.
Results for the 21S cross section in the nonresonant region have been reported in two earlier papers 5 ,6 and the near-threshold values 6 are in good agreement with the experimental determination. More recent theoretical studies of photoionization from the 1 1 S, 2 1 S, and 23S states of helium were restricted to photoelectron energies above the n = 2 threshold 7 -9 where transitions can occur to the 2s and 2p excited states of He+ and the resulting photoelectron angular distribution is a function of energy. From these studies and from the results of a recent helium photoionization experiment,10 it has become apparent that the inclusion of close coupling between degenerate excited states of the He+ ion is essential not only for the accurate calculation of the resonance properties below the excitation threshold,11 but also for the correct determination of the distribution between the degenerate ionic states above the threshold.
Norcross 1 2 has evaluated the 21S and 23S helium photoionization cross sections using ls-2s-2p close coupling continuum wave functions, but he employed Hartree-F.ock bound state wave functions which are not expected to be as accurate as the Hylleraas wave functions used in the present calculation. In previous evaluations of the 2 1 P and 2 3 P helium photoionization cross sections, the final continuum states were represented by hydrogenicl3 and quantum defectl4, 1 5 wave functions.
These approximations may provide reliable estimates in the near-threshold region, but they cannot account for the prominent resonant features which are predicted by the ls-2s-2p close coupling calculations.
An important feature of photoionization from excited states of helium is the significant enhancement of the total cross sections which results from taking into account transitions to excited states of the He+ ion. It is therefore not surprising that the resonant structure associated with the n = 2 threshold has been found to be more conspicuous in the photoionization continua of the metastable states than in the ground state continuum. This fact is clearly illustrated by the line profile parameters reported by Norcross 1 2 for the lowest six lP resonance in the 21S cross section which are in some cases more than a hundred times larger than the corresporndig paameters obtained for the helium ground state by Burke and McYica~.
I
The study of photoionization processes from the 2 1 P and 23P states of helium would be difficult with present experimental techniques because of the short radiative lifetimes of these excited states in comparison with the helium metastable states. However, photoabsorption from the P-states using laser light may ultimately provide the most precise method for the experimental investigation of the S-and D-wave ionization continua of the helium atom.
In contrast to photoionization from the helium S-states, photoelectric transitions from the P-states will ingeneral give rise to an energy-dependent photoelectron angular distribution below the n = 2
threshold. In the case of unpolarized P-states the angular distribution can be characterized by a single asymmetry parameter 0 regardless of the polarization state of the incident radiation.
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The angular distribution of photoelectrons from polarized P-states can be determined from a knowledge of two asymmetry parameters, which may show a complicated dependence on the initial polarization states.
An important simplification would occur if the helium atom could first be excited into an aligned P-state and then ionized by linearly or circularly polarized photons incident in a suitable direction with respect to the atomic quantization axis. In these cases, the D-partial wave ionization continuum will be observed directly, and the photoelectron angular distribution below the n = 2 threshold will not depend on the incident photon energy.
II. The Theory of Differential Photoionization Cross Sections
A formulation of the theory of differential cross sections for atomic photoelectric transitions has been developed in terms of the irreducible tensor components of the initial and final polarization states. 1 9 In this section it is appropriate to present the results of this formulation which are applicable when the ejected electron and the residual ion polarizations are not measured. The discussion will be further restricted to cases where the coordinate system can be chosen to reduce the form of the differential cross section (for the transition to the nk 1 state of He+) to the Legendre polynomial expansion
where the appropriate definition of 0 will depend on the initial polarization 
Similarly, the lJlarization state of the incident electric-dipole photon may be represented by a 3 x 3 density matrix Pr, which will depend on the orientation of the photon beam with respect to the atomic quantization axis.
It will also be convenient to expand pr in the form (2) with irreducible tensor components denoted by Pr (Kr, Nr). Explicit expressions for the irreducible tensor components of the initial polarization states which are treated in this paper have been given previously. 1 9 The final state continuum channels of the He+ -e-system are defined by the quantum numbers n 21 22' LTSo, where 2 2 is the photoelectron relative orbital angular momentum and LT is the total orbital angular momentum.
The expressions which are derived for the total cross section on 1 (in units of a 2 ) and the asymmetry parameters pnkl , L may be written o in the forms (6) where au2 denotes the Coulomb phase shift for the He + ion. In the reduced matrix elements of the dipole operators the final continuum states are assumed to be normalized to a Dirac delta function in the photoelectron energy.
The theory presented up to this point can be applied to any helium transition and, in fact, to any atomic system for which the LS representation is appropriate. In the remainder of this paper only transitions to He+(ls) will be treated, and therefore the subscripts n 1 will be omitted.
The photoelectron angular distribution resulting from ionization of unpolarized helium atoms is given by equation (1) 
X E Cijk r rk 2 Yoo(rl) YLo ML( 2 ) ijk where P 1 2 is the electron exchange operator. The values for the exponential parameters a and b were taken from the work of Pekeris and co-workers 2 1 , and 56-term expansions were computed by diagonalizing the matrices of the Hamiltonian operator. ' r r2
where Pn'Q1' (rl) is the reduced He+ ion radial wave function. The incoming wave boundary condition appropriate to the description of the photoionization process is indicated by the superscript (-).
The coupled integro-differential equations which are satisfied by the ejected electron radial wave functions F (-) I (r2) were solved n' 22 in the ls-2s-2p close-coupling approximation for the photoelectron energy range 0.15 k 2 < 2.80 using the collision code of P. G. Burke.11 The photoelectric transition matrix elements were then evaluated from the numerical continuum wavefunctions and the bound state weight functions as described previously. 5 ',
IV The ghotoionzAtion Cross Sectiors
The L T , wave pgrtakl cross section for the photoelectriq transition He(noLoSo) +.A w -He+(ls) + e-(k 2 = LT) (9) from an unpolarized L -state of helium, is conveniently expressed in terms of the oscillator strength per unit Rydberg energy interval dfLT/dE according to the relation
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The oscillator strength may be defined in terms of the transition amplitudes introduced in the first section by
It is important to note that the cross section UL given by equation
(ib) is independent of the photon polarization.
The oscillator strengths associated with the 2 1 S -* E 1 P and 2 3 S - The total photoionization cross sections for the 2 1 S and 23S states and for unpolarized 2 1 P and 2 3 P states of helium are shown in Figure 1 for photoelectron energies in the nonresonant region below the n = 2 threshold. The cross sections for photoionization from the P-states, while decreasing more rapidly away from the first ionization threshold, which were obtained for each resonance are given in Table V .
The most important result of the analysis is that the resonant shapes considered are found to be characterized by large values of the line profile parameter qLT, pagtiQuj4rjy for the 14t three transition in Table V , A stgnifitant enhancement of the photoonniztion cross pections for these three transitions might have been anticipated since they involve single-electron excitatons. From the result that the value of qLT is large it follows that the resonant profile described by equation (121 is more nearly lerentzian and that the AE -Fr /9L T displacement of the peak from the resonance position Er is negligible.
The zero minimum in the ID-wave partial photoionization cross section appears to be the dip associated with the (2p 2 ) 1 D resonance which is predicted by the analytic form (12) to occur at e =-qLT.
The occurrence of the suppression of the D-wave photoionization continuum several times the width below the resonance position is therefore attributable to the large positive value of the line profile parameter.
In the case of the helium metastable states, Table V (11) is replaced by
Lo o (14) In the case of phototonization from aligned helium P-states by right circularly (linearly) polarized photons, with the atomic quantization axis chosen along the photon propogation (polarization) direction, only the transition to the D-wave continuum will occur. The photoionization cross sections may then be obtained from equation (10) 
VI Conclusions
The photoonization cross section § ppreerted in this paper shoUld be accurate to withirn Q percent or better, The introduction of Hylleraas terms into the final state continuum wave functions would lead to greater precision and a more bAlanced calculation, Taking into consideration the available experimental techniques, it appears desirable to attempt a measurement of the 21P helium photoionization cross section by excitation of a helium gas with 21p -11S resonance radiation from a helium discharged and subsequent ionization using a tunable laser. by L and V, respectively. The numbers in parentheses are the powers of ten by which the entries are to be multiplied. LA
